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In the systems ferromagnet/superondutor ([Fe, Ni℄/In), the temperature dependent transport
has been investigated within the temperature range inluding superonduting transition temper-
ature for Indium. It has been found that when Indium beomes superonduting, the system
resistane aquires two positive additions. The first, numerially equal to the resistane of a fer-
romagnet part, of order of a spinpolarized region in length, orresponds to the manifestation of
"spin aumulation" effet. The seond agrees in magnitude with an interferene redution in the
ferromagnet ondutane over the oherene length for singlet "Andreev pairs" whih is established
by the exhange field in the ferromagnet. From the experimental data, the degree of urrent spin
polarization, the oherene length in the exhange field, and the lower limit of spinrelaxation
length in Fe and Ni have been estimated.
The possibility for spin harateristis of ondution eletrons to reveal in metal transport is widely
studied both theoretially and experimentally whih fat indiates that the problems in desription
and identifiation of experimental data in this field is still far from omplete. For example, on measur-
ing transport properties of mesosopi heterosystems ferromagnet/superondutor (F/S), an intriguing
suggestion has been made [13℄ that in ferromagnets, a longrange proximity effet for Andreev ex-
itations with the energies ε ∼ T < ∆ (∆ is the order parameter) may exist over the length sale
exeeding onventional estimates. Later analysis [4℄ of the experiments pointed to some speial fea-
tures onerning, in partiular, the neessity to properly aount for the urrent distribution in planar
mesosopi interfaes. Besides, the properties of suh interfaes in the form of sandwihes are losely
related to the partiular tehnologies of their preparing. An unertainty is thus introdued into the
values of the transmission oeffiient and potential barrier height at the interfaes, even for the nanos-
trutures prepared by the tehnologies of similar type [5℄. Moreover, sine the potential differene is
usually measured with the interfae inluded (see, for example, [2, 3℄), this irumstane may seriously
interfere with interpreting the effets inherent for a ferromagnet.
As an illustration, the omparative temperature dependenes of the potential differene normalized
to the urrent, U/I, are plotted in Fig. 1 for the N/S system normalmetal/superondutor (Cu/Sn)
in ases when the probes do or do not enlose the interfae [6℄. Curve 1 measured beyond the interfae
aounts for the fundamental proposition in theory [7, 8℄ that at inserting Andreev refletion, the
interferene of eletrons (e) and Andreev holes (h) along the eh oherene length, ξT , measured from
N/S interfae leads to the inrease in elasti sattering rosssetion, i. e. to dereasing (not inreasing,
as in ase the sattering is not onsidered [911℄) the ondutane of a normal metal. At the same time,
total potential differene in the whole iruit, with the interfae inluded (most popular experimental
arrangement), after the superonduting transition may bear the opposite harater, not related to the
effets in the ondutivity of a normal metal (urve 2, see also [2℄). It is the behavior of this kind that
is often treated as possible manifestation of the longrange proximity effet in the ondutane of a
nonsuperonduting setion of the system.
With the aforementioned measurement onfiguration, the onlusion on the nature of the proesses
may also be inadequate when the geometry of the planar interfae is suh that a superondutor, as a
part of the potential lead, overlaps a notieable area δA of the nonsuperonduting film investigated,
and, in doing so, shunts it when turning into the Sstate. With omparatively small thiknesses of
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the intermediate layer between superonduting and normal films in the sandwih (the availability of
suh a layer is evidened by the pronouned "nonSharvin" resistane of the barriers in mesosopi
interfaes), the inevitable drop in the system resistane due to the shunting is of order of δR/R ≈ δA/A
whih value is often observed [2, 3℄. In experiments measuring the "nonloal" resistane of the F/S
systems [12℄, the shunting effet may be revealed as well at the interfaes removed not too far, due
to the urrent spreading into the branhes. The distribution of the eletri potential in the branhes
whih size in mesosopi samples is omparable to that of the main iruit, is a diret evidene that the
above situation is real. As known, the distribution obeys the Laplae equation (see, for example, [13℄).
The solution for the urrent near the interfae in the branh, L in length and of width and thikness
idential to those of the main iruit, is the following expression: j(x) ≈ j(x0)(1/4
√
pi)(x/x0) exp[−(x−
x0)/x0]. Here, x0 is the beginning of the branh measured from the urrent injetor; x0 ≤ x ≤ L. In
mesosopi samples, the effet should be rather notieable. Therefore, in the heterosystems onsisted
of a ferromagnet and a superondutor, a few ompetitive mehanisms may appear after swithing
into the F/S regime. The first gives rise to the inrease in the potential differene measured within
the range of the oherene length of the nonsuperonduting part of the system, due to Andreev
interferene. The seond diminishes that differene due to the shunting effet (the behavior of that
type was observed in Ref. [12℄). The last is the effet at the F/S interfae itself. It is assoiated with
the mismath between spinpolarized urrent in a ferromagnet and spinless urrent of the Cooper pairs
in a singlet superondutor and is known as spin aumulation [15, 16℄.
Below we present experimental investigations of transport properties of the rystalline heterostru-
tures Fe/In and Ni/In, with F/S interfaes prepared speifially, to obtain hightranspareny barriers
and, as a result, to minimize the differene between various F/S interfaes. We have studied the
ondutane of the ferromagnet metals with different eletron sattering lengths adjaent to a super-
ondutor, the phenomena at the F/S interfae under Andreev refletion and urrent polarization, and
the shunting effet in the viinity of superonduting transition. We use fourterminal tehnique of
various onfigurations and different relations between the dimensions of the ferromagnet ondutors
and F/S interfaes.
Our main results are as follows: i) We have observed the inrease in the resistane of F/S interfaes
Fe/In and Ni/In as an evidene for spin aumulation resulted from the peuliarities of Andreev
refletion at the F/S interfae under urrent polarization in a ferromagnet; ii) we have first revealed
the interferene ontribution from Andreev exitations into the ondutane of a ferromagnet (Ni)
within the limits of a oherene length typial of ferromagnets.
The samples were ut by the sparkerosion method from two bulk ferromagneti metals whih differ
greatly in purity, polyrystalline Fe with Residual Resistane Ratio RRR ≈ 3 and monorystalline Ni
with RRR ≈ 200. Mean free paths, lel, at helium temperatures were estimated to be approximately
0.01 µm (the value most typial of known nanostrutures) and 2 µm for Fe and Ni, respetively.
Fig. 2 presents a shemati view of the sample onfigurations. The working area of the samples,
with F/S interfaes at the points a and b is marked by dashed lines. When Indium bridge loses the
points a and b the working area gains the geometry of an enlosed "Andreev interferometer" whih
allows us to study phasesensitive effets as well (will be presented elsewhere).
The superonduting In bridge ab was soldered to the prepared in advane [Fe, Ni℄/In interfaes.
Pointlike interfaes were fabriated by mehanially destroying a superfiial layer of the ferromagnet
metal and simultaneously oating it with melted Indium of high purity (RRR ≈ 4 · 104). Indium was
applied onto a tip of an iron solderer sharpened to the diameter 50 ÷ 100µm. The measured ontat
resistane of suh interfaes does not exeed 1.5 · 10−4 Ω. To minimize the shunting effet, the ratio
between a ontat size and sample width was made down to approximately 0.1. The shunting effet
was studied separately on the Ni sample with purpose designed wide interfaes, see Inset b to Fig. 4.
The dimensions of the working area elements were as follows. For Fe sample: width of the ferro-
magneti ondutors Wac,bd ≈ 1.5 mm; Wcd ≈ 0.5 mm; their length Lac,bd ≈ 0.5 mm; Lcd ≈ 0.3 mm;
thikness t ≈ 0.25 mm. For Ni sample: Wac,bd ≈ 0.5 mm; Wcd ≈ 0.7 mm; Lac,bd ≈ 0.5 mm; Lcd ≈ 0.4
mm and t ≈ 0.1 mm. The measuring onfiguration in eah speifi ase is shown in the Insets to the
Figures.
After urves 1 (Fig. 3, 5) were taken, the resistanes of the working area elements,
Rac(T ), Rbd(T ), Rcd(T ), were independently measured by fourterminal tehnique. In this ase,
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though F/S interfaes were present their ontribution was thereby exluded. Either leads 3, 4 of the
sample or the ends of the opened Indium bridge ab (see Fig. 2) were used as potential leads, the
urrent flow onfiguration remaining fixed.
We ahieved a resistane resolution better than 10−4 due to temperature and urrent (0.1 ÷ 1 A)
stabilization and using the voltmeter based on a superonduting modulator aurate within δU ≈
10−11 V [15℄ for measuring potential differene.
Curve 1 in Fig. 3 depits the temperature dependene of the potential differene V1 and V2 at the
ends of the ab part, Ucb(T ) = |V1 − V2|(T ), normalized to the urrent in the branh abd formed by
two Fe ondutors a and bd, two Fe/In interfaes, and In bridge ab (see Inset). The urrent was
determined from the Kirhhoff's laws I = Icabd(1 + Icd/Icabd); Icd/Icabd = Rcabd/Rcd:
Icabd(T ) =
IRcd − U Inab − 2(Uinterface + δUac)
RΣ
∣∣∣∣
T
; (1)
RΣ|T = [Rac +Rbd +Rcd]T ; [Uinterface + δUac]T = [Ucb − (U Inab + Uac)]T .
Here, U Inab is the voltage drop measured independently at In bridge, Uinterface the potential differene
at the interfae, RΣ the total resistane of the ferromagneti part of the ontour adb, and δUac(T )
a possible addition into the voltage Uac(T ) aross the ferromagnet branh a whih was measured in
the onfiguration exluding the potential differene at the F/S interfae (see above).
As in ase with nonmagneti metal in the N/S system Cu/Sn (Fig. 1, urve 2), the temperature
dependent resistane of the F/S system Fe/In (Fig. 3, urve 1) alone does not give an indiation of
true resistive ontributions from the individual parts that form the F/S system. To separate those
ontributions, we should ompare urve 1 with the temperature behavior of the resistane of the same
system at the temperatures below superonduting transition temperature for Indium, T Inc = 3.41 K
(urve 2) where the resistane of In bridge turns to zero (see Inset b to Fig. 3).
Comparing the urves in Fig. 3, Ucb/Icabd(T ) (urve 1) and Rac(T ) ≡ [Uac/Icabd]T (urve 2) at the
temperatures T ≤ T Inc , we onlude that when the interfae hanges from the F/N to the F/S state, the
resistane of the whole system Fe+F/S interfae inreases as opposed to that of the Fe part a. Sine
the latter does not hange signifiantly (exept a hardly visible redution due to the shunting effet,
see lower panel in Fig. 3) the rise in the former may be attributed to the effet at the F/S interfae.
The temperature dependene of the Fe/In interfae resistane, Rinterface, obtained by subtrating the
dependenies Rac(T ) and U
In
ab/Icabd from urve 1 is shown as urve 2 in Fig. 6.
Fig. 4 displays the resistane RΣ of the same part adb of the system Ni/In measured in the
presene of wide (urve 1) or pointlike (urve 2) F/S interfaes. In both ases, with the measuring
onfigurations shown (see orresponding Insets), the interfae resistane is exluded as being a part of
potential leads. It an be seen that at T ≤ T Inc , after Andreev refletion turns on, the resistane RΣ
inreases abruptly by ≈ 1 · 10−8 Ω in ase of two point ontats (δR/R ≈ 0.035%) or by ≈ 7 · 10−7 Ω
in ase of two wide interfaes (δR/R ≈ 2.5%).
Aording to [68℄ the interferene ontribution from Andreev exitations sattered at the impu-
rities within a metal layer, of order of oherene length ξ for Andreev hybrid in thikness, whih is
measured at a distane L from the N/S interfae, provided lel ≥ ξ, d (d is the harateristi size of the
interfae), is given by
δR
R
∣∣∣∣
int
=
ξ
L
r. (2)
Here, r is the effetive probability for eah exitation from an Andreev pair to satter elastially in
the layer ξ, regardless of the number of the pairs, i. e., of the probability of Andreev refletion. The
number of Andreev hybrids is established by the transmission oeffiient of an N/S interfae and by
the seletion rules. The voltage at the interfaes in our experiments did not exeed 0.15 meV for Fe/In
and 3 µeV for Ni/In, thus, we an entirely neglet the potential differene at the barrier. Therefore,
it follows from Eq. (2) that, in priniple, the resistane of the metal layer, L = ξ in thikness, may
double under Andreev refletion if r = 1.
Consider now ferromagnet metals. On quasilassial notion, the oherene of the Andreev pair of
exitations in an impure metal is onsidered to be destruted when the displaement of their trajetories
relative to eah other reahes the value exeeding the size of an impurity (of order of the de Broglie
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wave length). The maximum possible distane (ollisionless oherene length) at whih this may take
plae in a ferromagnet exhange field Hexch due to the Larmour urving of e and h trajetories, is of
order of the Larmour radius RL [19℄ and is given by
ξm ∼ RL
2pi
=
~vF
kBTexch
, lel ≥ ξm (3)
(kBTexch ≡ µHexch, µ is the Bohr magneton). ξm is fixed and orresponds to a maximum possible
oherene length in a ferromagnet with elasti sattering length lel ≥ ξm. For lel < ξm and, hene, low
diffusion oeffiient D, the oherene length is additionally restrited to:
ξDexch ∼
√
(1/3)lelξm < ξm, lel < ξm. (4)
For Fe, the Curie temperature Texch is approximately 900 K, and ξm ≈ 0.05 µm. Aording to the
estimates, ξDexch for our Fe samples, with lel ≤ 0.01 µm, is too small in order that the interferene
ontribution (2) an be deteted. In ontrast, for Ni, with Texch ≃ 600 K and lel ∼ 1 µm, the equation
(3) is valid, and theoretial estimate yields ξm ∼ 0.1 µm. The oherene length in our Ni samples is
independently evaluated at ξ ≈ 0.1 µm. We used Eq. (2) and the experimental data for δR/R for the
point and wide interfaes Ni/In. For the wide interfae, it was aounted that the number of Andreev
hannels should be proportional to the F/S ontat area. Therefore, suh an unexpeted at first glane
manifestation of the oherent effet in a ferromagnet we observed does not fall outside the sope of
onventional onepts of the oherene length sale for Andreev exitations in ferromagneti metals
and has nothing to do with the longrange proximity effet.
The fall on urve 1, Fig. 4, at T ≈ T Inc testifies that when a superonduting potential lead
overlaps a part of a normal ondutor, a shunting effet appears due to spreading the urrent into
a superondutor. The effet may dominate any other effets in ondutane of a metal investigated
under the geometry of a threelayered sandwih (in planar nanostrutures) where the resistane of
the intermediate layer is, as a rule, lower than that of a normal metal but higher than that of a
superondutor. That is why we used the tehnology of preparing the interfaes desribed above,
whih allowed us to get the geometry approahing twolayered one. In this ase, the shunting effet,
though visible, is omparable in value to the effet of interferene derease in ondutane of the metal
investigated and is at most twie as muh as the latter (see urve 1, Fig. 4).
Fig. 5 displays the temperaturedependent potential differenes for Ni/In sample with wide in-
terfaes normalized to the urrent Icabd (see Eq. (1)). Curve 1, U
1
ab(T ) = |V11 − V12|(T ), was taken
immediately at the Indium bridge while urve 2, U2ab = |V21 − V22|(T ), was taken at the Ni leads,
see Inset to Fig. 5. In both onfigurations, the effets beyond the interfaes are eliminated and the
omparison between the two urves allows us to draw a onlusion of the effets proper to the interfae,
and their temperature behavior.
In Fig. 6, urve 1, we present the resistane vs temperature of wide F/S interfaes in the Ni/In
sample (at points a and b) as a differene between urves 1 and 2, Fig. 5, together with that of Fe/In
point interfae (urve 2, see above). As seen, the resistive behavior of both wide (Ni/In) and point
(Fe/In) interfaes is qualitatively similar, irrespetive of the interfae geometry. At T > T Inc , the
interfae resistane varies with temperature as a result of known hange in eletronphonon mean free
paths of the metals next to the interfae. When Indium goes to the superonduting state the urrent
omponent perpendiular to the plane of an interfae disappears. Entering into the superonduting
bridge ab the urrent is thus driven to the edges of the interfae. "Interfae resistane" at the minimum
of urves 1, 2 an be treated as a ertain minimal value reahed at T = T Inc . It is this value that
should serve as an origin point when alulating any resistive ontributions into the interfae resistane
if only those may appear when Andreev refletion turns on. As seen from Fig. 6, these ontributions,
δRF/S/RF/N , are positive for both metals and reah the following values: about 40% for Ni/In (urve
1) and about 20% for Fe/In (urve 2).
The above findings we onsider as a diret onfirmation of spin aumulation at the interfaes Fe/In
and Ni/In. It is learly demonstrated espeially in ase of Ni/In interfae where the ontribution from
the transport effets in a ferromagneti branh beyond the interfae was almost entirely eliminated.
It would appear reasonable that the value of the resistive jump at the Ni/In interfae is entirely
determined by the ontribution from small disequilibrium regions lose to the superonduting potential
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probes where exhange spin splitting takes plae. Now we show that the length of suh region, λ∗s, at
the Ni/In interfae does not exeed the spin relaxation length, λs, in nikel investigated.
In fat, the value for δRF/S/RF/N for the sample Fe/In was obtained in the onfiguration inluded
the resistane of a long ferromagneti branh, in any ase, of no less than a spinrelaxation length in
size. It appeared to be approximately of the same order of magnitude as that for the sample Ni/In.
Therefore, we may onlude that in both our samples, the spatial sale of the spinrelaxation length
λs should be of the same order of magnitude. As known from theory [15, 16, 4℄, the hange in the
resistane of the F/S interfae due to spinaumulation effet, δRF/S , is omparable to the resistane
of a ferromagnet part of the length equal to the spinflip length:
δRF/S =
λs
σA
f(P ), (5)
f(P ) =
P 2
1− P 2 ; P = (σ↑ − σ↓)/σ; σ = σ↑ + σ↓.
Here, P is the degree of spin polarization; σ, σ↑, σ↓, and A the total, spindependent ondutivities,
and the rosssetion of a ferromagnet, respetively. Using Eq. (5) and geometri parameters for our
samples and taking into aount that PFe ≈ PNi [18℄ we find
λFes
λNis
=
δRFe/S
δRNi/S
· l
Fe
el
lNiel
· A
Fe
ANi
≈ 2. (6)
This result onfirms that the spatial sales of the spinflip length, λFes and λ
Ni
s , in our samples are
omparable. Therefore, the size of the region whih determines the value of the spinaumulation
effet observed is no more than the spinrelaxation length in eah metal. In this ase, aording to
Eq. (5), it is the values of λs for Fe/In and λ
∗
s for Ni/In that we should use as the length of the
ondutors to the resistane RF/N of whih we ompare the values δRF/S obtained in the experiment.
It allows us to estimate independently the degree of ondutane spin polarization for Fe and Ni from
our experimental data:
P =
√
(δRF/S/RF/N )/(1 + δRF/S/RF/N ), (7)
whene it follows that PFe ≈ 45% and PNi ≈ 50%. The values oinide pratially with those
obtained from other experiments [20℄. We an roughly estimate the spinrelaxation length in the
metals investigated if by A in Eq. (5) is meant the rosssetion of the ontour through whih the
urrent is injeted into the superonduting bridge, i. e., the prodution of the interfae ontour length
by the width of the Meissner layer. This yields λFes ∼ 900 A and λNis > 500 A.
In onlusion, we have investigated spindependent ondutane of the marosopi heterosystems
ferromagnet (Fe, Ni) / superondutor (In) and obtained further evidene for the spin aumulation to
exist at the F/S interfaes. The effet results from the peuliarities of Andreev refletion under urrent
polarization in a ferromagnet. Previously, the experiments on the system Ni/Al of submiron size [21℄
have led to the similar onlusion. In addition, we have first proved that the oherent effets in the
ondutane of a ferromagnet (nikel) ontated to a superondutor an be observed within the limits
of a oherene length for Andreev exitations typial of a ferromagnet, provided the ferromagnet is pure
enough. Our experiments verify that the oherene length in a pure ferromagnet may appear to be
omparable to that length in a nonmagneti metal with shorter elasti sattering length of eletrons.
Our results do not onfirm the possible existene of the longrange proximity effet in onventional
ferromagnets.
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Figure aptions
Fig. 1. Temperature dependene of the resistane of the system normalmetal /superondutor
(Cu/Sn) in the measuring onfigurations beyond the interfae (urve 1) and inluding the interfae
(urve 2) [6℄.
Fig. 2. Shemati view of the samples [Fe, Ni℄/In. The ondutane measurements were performed
inside the working area adb enlosed by the dashed line.
Fig. 3. Upper panel: Temperature dependene of the Fe/In system resistane (urve 1) measured
in the onfiguration shown in Inset a and that of the Fe part a (urve 2) measured independently.
Inset a: Configuration of measurements. Thin lines shematially depit Fe ondutors. Arrows
indiate the urrent flow path.
Inset b: Indium bridge resistane vs temperature.
Lower panel: A setion of urves 1, 2 in the viinity of Indium superonduting transition on an
enlarged sale.
Fig. 4. Resistane of the ferromagneti Ni ontour adb in wide (urve 1, Inset b) or pointlike
(urve 2, Inset ) ontat with the superonduting In probes.
Fig. 5. Curve 1: Temperaturedependent resistane of the Indium bridge measured between the
potential probes V11, V12 beyond the F/S interfae.
Curve 2: Temperaturedependent resistane of the Indium bridge in series with Ni/In interfaes
measured between the probes V21, V22.
Inset: Configuration of measurements. Thin lines shematially depit Ni ondutors. Arrows
indiate the urrent flow path.
Fig. 6. Temperature dependene of the resistane at the interfaes Ni/In (urve 1) and Fe/In
(urve 2). For details see text.
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